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Abstract 1 
Diffusion in the bacterial cytoplasm is regarded as the primary method of intracellular protein 2 
movement and must play a major role in controlling the rates of cell processes. A number of recent 3 
studies have used Green Fluorescent Protein (GFP)-tagging and fluorescence microscopy to probe the 4 
movement and distribution of proteins in the bacterial cytoplasm. However, the dynamic behaviour of 5 
indigenous proteins must be controlled by a complex mixture of specific interactions, combined with 6 
the basic physical constraints imposed by the viscosity and macromolecular crowding of the cytoplasm. 7 
These factors are difficult to unravel in studies with indigenous proteins. It has also remained unknown 8 
to what extent the addition of a GFP tag might affect the movement of a protein through the cytoplasm. 9 
To resolve these problems, we have carried out a systematic study of the size-dependence of protein 10 
diffusion coefficients in the Escherichia coli cytoplasm, using engineered GFP multimers (from 2 to 6 11 
covalently-linked GFP molecules). Diffusion coefficients were measured using confocal Fluorescence 12 
Recovery after Photobleaching (FRAP). At least up to 110 kDa (4 linked GFP molecules), diffusion 13 
coefficient varies with size roughly as would be predicted from the Einstein-Stokes equation for a 14 
classical (Newtonian) fluid. Thus protein diffusion coefficients are predictable over this range. GFP-15 
tagging of proteins has little impact on the diffusion coefficient over this size-range and therefore need 16 
not significantly perturb protein movement. Two indigenous E. coli proteins were used to show that 17 
their specific interactions within the cell are the main controllers of diffusion rate. 18 
3 
Introduction 19 
The use of fluorescence microscopic techniques to monitor macromolecular diffusion in eukaryotic 20 
(HeLa) cells showed that the diffusion of DNA is strongly size dependent, but also that two 21 
fluorescently-labelled dextrans (70 kDa and 580 kDa) can diffuse freely in the cytoplasm and nucleus 22 
(17). Within bacterial cells such as E. coli similar measurements are challenging because of the small 23 
dimensions of the cell. Nevertheless, studies of the mobility of fluorescently-tagged proteins are 24 
starting to give powerful insights into the dynamics of processes occurring in living bacterial cells. 25 
Examples include studies of the mobility of signal transduction proteins in the E. coli cytoplasm (23), 26 
mobility and distribution of transporters and respiratory complexes in the plasma membrane (15,16), 27 
and the dynamic assembly/disassembly of the flagellar motor (14). All these studies depend on the use 28 
of cells engineered to express fusion proteins, in which the protein of interest is fused to a fluorescent 29 
protein tag, usually a variant of Green Fluorescent Protein (GFP). In many cases, the fluorescent tag is 30 
comparable in size, or even larger, than the protein of interest. For example, the chemotaxis signal 31 
transducer CheY (14 kDa) was tagged with Yellow Fluorescent Protein (YFP), producing a fusion 32 
protein of about 41 kDa (4,23) It remains an open question how much the addition of a substantial 33 
fluorescent tag might perturb the mobility of the protein of interest. 34 
 35 
The bacterial cytoplasm is a complex, crowded environment (6). The movement of proteins within the 36 
cytoplasm must be constrained by a combination of viscosity, macromolecular crowding, and specific 37 
interactions of the protein with other cell components (e.g. other proteins, nucleic acids and the 38 
cytoplasmic membrane). Any indigenous protein is likely to have specific interactions with other cell 39 
components. Therefore it is difficult to dissect out the specific aspects of its behaviour from the more 40 
general physical constraints in the cytoplasm. The effects of crowding in the cytoplasm could be 41 
complex: for example it is conceivable that macromolecules could form a molecular sieve imposing a 42 
distinct size limit on protein mobility. The diffusion of fluorescent proteins in the E. coli cytoplasm can 43 
4 
conveniently be measured using Fluorescence Recovery after Photobleaching (FRAP) (7, 12, 19). To 44 
resolve the question of the size-dependence of protein diffusion in the E. coli cytoplasm, FRAP was 45 
used to measure diffusion coefficients for a series of engineered GFP oligomers, ranging in size from 46 
30 kDa (GFP monomers) to 165 kDa (6 linked GFP molecules). The compact barrel-like structure of 47 
GFP minimises its interactions with other proteins. Diffusion in the cytoplasm is independent of the 48 
type and amount of co-expressed protein and overcrowding of the cytoplasm does not seem to lead to 49 
self-interaction of GFP (25). Since GFP is not indigenous to E. coli and is unlikely to have specific 50 
interactions with other cell components, it can be assumed that the behaviour of GFP oligomers reflects 51 
only the simple physical constraints controlling protein movement in the cytoplasm. 52 
 53 
Materials and Methods 54 
 55 
GFP, vector, and bacterial strain. In all experiments the GFP mut3* (5) was used and the constructs 56 
were expressed from the arabinose-inducible pBAD24 vector (8). All constructs were cloned into the E. 57 
coli strain DH5α (fhuA2 ∆(argF-lacZ)U169 phoA glnV44 Φ80 ∆(lacZ)M15 gyrA96 recA1 relA1 endA1 58 
thi-1 hsdR17). For a control experiment the MC4100 (F- araD139 delta(argF-lac)U169 rpsL150 relA1 59 
deoC1 rbsR fthD5301 fruA25 lambda-) ∆tatABCDE (29) strain was used. 60 
 61 
GFP multimers. The torA-GFP (GFP tagged at the N-terminus with the signal sequence of TMAO 62 
reductase from E. coli) construct pJTD1 (28) was used as template for PCR. For torA-GFP2 torA-gfp 63 
was amplified by PCR to delete the GFP stop codon and to create an EcoRI and KpnI side. The 64 
resulting torA-gfp(STOP) was cloned into pBad24. The second gfp was then amplified with N-terminal 65 
asparagine (x5) linker with and without stop codon and inserted via ligation behind torA-gfp(STOP) using 66 
KpnI and XpaI. The resulting pBad24_torA-GFP2(STOP) vector was used to create torA-gfp3. Additional 67 
gfp (up to GFP5) genes were cloned in frame as described using XbaI-PstI for GFP3, PstI-SphI for 68 
5 
GFP4, and SphI-HindIII for GFP5.A sixth gfp was cloned at the end via the HindIII side using 69 
pBad24_torA-GFP5(STOP) as vector and resulting colonies were screened for the right orientation of 70 
gfp6. 71 
For the pBad24_GFP2 construct the first gfp was amplified from pJDT1 without the TMAO signal 72 
sequence and stop codon and cloned into pBad24 via EcoRI and KpnI. The second gfp was also 73 
amplified from pJDT1 with a N-terminal asparagine (x5) linker and cloned behind the first gfp using 74 
the KpnI and HindIII sides. 75 
 76 
AmiA and NlpA constructs. For the two additional constructs amiA and nlpA were amplified via PCR 77 
from genomic DNA from E. coli and gfp was amplified from pJDT1. To fuse the two PCR products 78 
with the gfp overlap extension PCR (modified from (24)) was used. In a first PCR, chimeric primers 79 
produced overlapping regions at the 5’ ends. In a second PCR, external primers were used to generate 80 
amiA-gfp and nlpA-gfp and to create restriction sides. The extended PCR products were cloned into 81 
pBad24 using EcoRI and HindIII.  82 
 83 
For the modified proteins amiA was amplified without the Tat signal sequence (AmiA(noSP)). To 84 
determine the signal peptide (SP) and the cleavage side the free available prediction software ‘SignalP’ 85 
was used. The first 34 residues containing the twin arginine were deleted and the ‘start’ codon was 86 
moved. For NlpA(noLB) the prediction software ‘LipoP’ was used to find the lipoprotein signal peptide. 87 
As lipoprotein of the plasma membrane lipoprotein 28 requires an aspartame residue in the +2 position 88 
after the fatty-acylated cysteine for retention in the plasma membrane. For the shortened construct the 89 
lipobox (LB) was deleted and the +2 aspartate was replaced by a methionine. 90 
 91 
6 
All restriction enzymes (FastDigest®) were purchased from Fermentas. For all PCR steps the PfuUltra 92 
II Fusion HS DNA Polymerase from Stratagene was used. Ligation was performed using the Quick 93 
Ligase Kit from NEB. For a list of primer sequences see Supplementary Material. 94 
 95 
Growth of cells and sample preparation. Bacterial cultures were cultivated aerobically over night in 96 
Luria-Bertani (LB) medium supplemented with ampicillin (50 µg/ml) at 37oC under constant shaking 97 
(180 rpm). For measurements the culture was diluted approximately 1:100 into the same media and 98 
grown at 37oC under constant shaking. Long non-septated cells were produced by adding the antibiotic 99 
cephalexin (10) to a final concentration of 30 µg/ml to a growing culture. Cells were never treated with 100 
cephalexin for longer than 120 min. In the case of slower growth, the dilution from the start culture was 101 
decreased. GFP expression was induced by adding arabinose in concentrations from 200 µM to 133mM 102 
(2%) depending on the construct used, and cultures were grown to mid-exponential phase. A droplet of 103 
the culture was spotted onto LB agar plates and cells were allowed to settle down by drying of excess 104 
liquid. Small blocks of the agar with the cells adsorbed onto the surface were placed in a laboratory-105 
built sample holder connected to a temperature-controlled circulating water-bath (19). The cells were 106 
covered with a glass cover-slip and placed under the microscope objective and samples was maintained 107 
at 37oC during FRAP measurements. 108 
 109 
FRAP measurements and data analysis. FRAP measurements were carried out as described and 110 
illustrated in (19) using a Nikon PCM2000 laser-scanning confocal microscope equipped with an 111 
Argon laser run at 120 mW. For imaging the power was reduced by a factor of 32 using neutral density 112 
filters and only the bleach was performed at high laser power. The 488 nm laser line was selected for 113 
GFP excitation. Pre- and post-bleach xy scans were recorded at 1.64s intervals over an area of 512 x 114 
512 pixels corresponding to physical dimensions of either 29 x 29 µm or 58 x 58 µm, depending on the 115 
zoom. GFP fluorescence was detected between 500 and 527 nm, selected by an interference band-pass 116 
7 
filter. The FRAP bleach was carried out by switching to x-scanning mode and scanning a line across 117 
the short axis of the elongated cell, close to the centre of the cell. The laser power was increased by 118 
manually raising the neutral density filters for about 1-2s, and after switching back to xy mode a series 119 
of post-bleach images was recorded. Data analysis was done using the Image-Pro Plus 6.2 software 120 
(Media Cybernetics). Pre- and post-bleach images were merged into a sequence file and one-121 
dimensional fluorescence profiles were extracted as a line profile summing data widthways across the 122 
cell for the entire experiment. Curve fitting and statistical analyses were performed with SigmaPlot 123 
10.0. The diffusion coefficient D in µm2 s-1 was obtained by fitting to a one-dimensional diffusion 124 
equation as described and illustrated in (19). 125 
 126 
Cell Fractionation and SDS-PAGE with Western blotting. Cultures were induced with arabinose but 127 
not treated with cephalexin. Cells were fractionated according to Randall and Hardy (21) and proteins 128 
were separated by SDS-PAGE (10% or 15% polyacrylamide). After electrophoresis the proteins were 129 
semi-dry electroblotted onto Hybond-P PVDF membrane (GE Healthcare) and probed with antibody 130 
against GFP (Invitrogen). For visualisation of proteins a horseradish peroxidase-conjugated anti-mouse 131 
IgG secondary antibody and ECL detection kit (GE Healthcare) were used.  132 
 133 
Results 134 
 135 
Construction and expression of GFP multimers. Previous measurements from several groups have 136 
shown that in the E. coli cytoplasm the diffusion coefficient for unmodified GFP is about 10 times 137 
lower than in water (see Table 1 for references). The slower diffusion in the cytoplasm may be due to a 138 
combination of classical viscosity and macromolecular crowding. To explore constraints on protein 139 
diffusion in the E. coli cytoplasm, a series of gene constructs expressing linked multimers of GFP were 140 
made, based on a torA-GFP construct, which includes an N-terminal signal sequence for the twin-141 
8 
arginine translocation (Tat) export system (19,28). We used this construct with the intention to explore 142 
mobility of the multimers in the periplasm as well as the cytoplasm. However, under our growth and 143 
expression conditions in DH5α cells the GFP multimers appeared only in the cytoplasm. Monomeric 144 
torA-GFP in the cytoplasm showed a size range from 27 to 30 kDa (Fig. 1). This size range is the result 145 
of proteolytic clipping at the N-terminus, where the 30 kDa protein is the chimeric precursor protein, 146 
whilst the 27 kDa product is assumed to be the mature GFP (19, 28). The linked GFP multimers all 147 
showed a predominant band at the expected molecular weight in the cytoplasmic fraction, but also 148 
show some degradation of the multimers into smaller products (Fig. 1).We did not try to quantify these 149 
degradation products from the SDS-PAGE because it is difficult to achieve quantitative transfer of 150 
proteins over a wide size range (3). Probably for this reason it was also impossible to get a band for the 151 
largest multimer (torA-GFP6) (Fig. 1). Note that the smaller degradation products blot more readily 152 
and therefore their prevalence is exaggerated in the blot (3).  153 
 154 
Effects of GFP overexpression. The pBad24 expression vector system uses the PBAD promoter and 155 
shows moderately high expression levels in the presence of the inducer arabinose. However, the level 156 
of expression can vary considerably in individual cells. For FRAP measurements, cells were induced 157 
with a high level of arabinose (up to 133 mM). For each construct the highest usable concentration was 158 
determined microscopically. If the concentration of the inducer is too high, GFP aggregates and/or 159 
inclusion bodies become visible (Supplementary Fig.1). When induced with 500 µM arabinose the 160 
elongated E. coli cell shows a bright and uniform distribution of torA-GFP2 fluorescence in the 161 
cytoplasm; overexpression with 1 mM arabinose results in aggregation of torA-GFP2. This problem 162 
became even more obvious with the torA-GFP6 constructs, where induction with a range of different 163 
arabinose concentrations (from 200 µM – 1.5 mM) led only to either very weak fluorescence or GFP 164 
aggregates. The bright, uniform fluorescence needed for FRAP measurements could not be obtained for 165 
this construct.  166 
9 
 167 
Diffusion of GFP multimers in the cytoplasm. FRAP measurements as previously described and 168 
illustrated (19) were used to determine the diffusion coefficients for GFP multimers (from torA-GFP2-169 
torA-GFP5) in the E. coli cytoplasm. In all cases, expression levels were chosen to give a bright and 170 
uniform loading of GFP fluorescence in the cytoplasm, without detectable aggregates or inclusion 171 
bodies. E. coli cells were elongated by treatment with cephalexin: this gives highly elongated cells with 172 
a continuous cytoplasm containing no diffusion barriers (7, 19). The use of elongated cells allows much 173 
more accurate estimation of D because diffusion in the cytoplasm is so rapid that in normal-sized cells 174 
fluorescence almost completely re-equilibrates during the bleach (19).  175 
 176 
The results from our FRAP measurements are shown and compared with other studies in Table 1. Our 177 
results for the GFP multimers show a trend of decreasing mean D with increasing molecular size 178 
(illustrated in Fig. 2). An ANOVA test showed that the probability of the null hypothesis (all measured 179 
diffusion coefficients are the same) is 0.001 (F-value 6.749), indicating a relationship between size and 180 
mobility. Although there is a clear trend of decreasing D with increasing size, the effects of adding one 181 
additional GFP molecule up to GFP4 were not significant. Unpaired T-tests gave the following P 182 
values: torA-GFP2 compared to torA-GFP3: P = 0.221; torA-GFP3 compared to torA-GFP4: P = 0.441. 183 
Only the transition from torA-GFP4 to torA-GFP5 led to a significant decrease in D with P = 0.0025. 184 
 185 
The TorA signal peptide does not perturb GFP mobility 186 
Our GFP multimers were assembled with an N-terminal TorA signal peptide. Although this did not 187 
result in any detectable translocation to the periplasm under our conditions, it is conceivable that an 188 
interaction with the twin arginine translocon of the plasma membrane could influence diffusion. To 189 
check this possibility we carried out two controls. Firstly, torA-GFP2 was expressed in the E. coli 190 
strain MC4100∆tatABCDE (29) lacking the twin arginine translocon. The diffusion coefficient 191 
10 
measured (see Table 1) did not show any significant difference (P = 0.684) to the value obtained for 192 
torA-GFP2 in the strain DH5α. We also constructed a GFP dimer (GFP2) lacking the TorA signal 193 
peptide and expressed it in DH5α. Again, the diffusion coefficient did not differ significantly from 194 
torA-GFP2 in DH5α (Table 1). The Western blots (Fig. 1) suggest efficient cleavage of the TorA signal 195 
sequence in the cytoplasm of DH5α, which may explain its lack of influence on diffusion. 196 
 197 
Comparison of the size-dependence of D with the predictions of the Einstein-Stokes equation. 198 
The Einstein-Stokes equation for diffusion of spherical particles in a classical fluid predicts that D 199 
should be inversely proportional to radius: 200 
 201 
where ‘kB’ is Boltzmann's constant, ‘T’ is absolute temperature, ‘η’ is viscosity in PaS and ‘a’ is the 202 
molecular radius. The relation can be used to predict diffusion coefficients for GFP multimers, taking 203 
the approximation that mean radius is proportional to (volume)1/3, which is in turn proportional to N1/3, 204 
where N is the number of GFPs in the multimer.  It should be noted that the approximation is quite 205 
crude as tandem repeats of GFP may behave more like a polymer chain than a globular protein. Values 206 
for the diffusion coefficient of monomeric GFP (see Table 1) are very similar to the diffusion 207 
coefficient of 9.0 ± 2.1 µm2 s-1 measured for torA-GFP (19). The grey shaded area in Fig. 2 shows an 208 
extrapolation from the measurement for torA-GFP to give a prediction (± S.D) of D for the GFP 209 
multimers. Comparison with the experimental values shows that from GFP1 to GFP4 there is a good 210 
match with the predictions of the Einstein-Stokes equation. However, D for GFP5 falls significantly 211 
below the value extrapolated from torA-GFP. 212 
 213 
Diffusion of GFP-tagged AmiA. For comparison with the diffusion coefficients of GFP multimers, we 214 
produced E. coli cells expressing GFP-tagged variants of two indigenous periplasmic proteins, AmiA 215 
11 
and Lipoprotein-28 (NlpA). Both proteins have molecular weights similar to GFP, therefore the GFP-216 
tagged variants are comparable in size to GFP2. AmiA is a 31 kDa amidase, which exhibits a predicted 217 
signal peptide with the consensus twin-arginine motif (1) at the N-terminus and has been shown to be a 218 
Tat substrate for export to the periplasm (11). Western blotting confirmed the predicted size of AmiA-219 
GFP (Fig. 3). GFP can be exported in fluorescent form to the periplasm via the TAT pathway (though 220 
not via the Sec pathway) (28). However, when overexpressed from the PBAD promoter, AmiA-GFP is 221 
not translocated into the periplasm. There was significant association with the membrane, with the 222 
construct partitioned between the membrane and cytoplasmic fractions (Fig. 3). Overexpression of 223 
AmiA-GFP with 133 mM arabinose led to significant cell elongation, allowing FRAP measurements to 224 
be carried out without cephalexin treatment. A diffusion coefficient of 1.8 ± 0.8 µm2s-1 (± S.D, n=10) 225 
for AmiA-GFP was measured. As a control, we also measured AmiA-GFP diffusion in cephalexin-226 
treated cells, obtaining a value of 1.8 ± 1.2 µm2 s-1 (± S.D, n=10). The diffusion coefficient for AmiA-227 
GFP is significantly lower than that for the similarly-sized GFP2 construct, which could be due to a 228 
tendency of the chimeric protein to associate with the membrane (Fig. 3) via the TAT signal peptide. 229 
To test this idea, amiA was amplified without the signal sequence and tagged with GFP. For 230 
AmiA(noSP)-GFP a diffusion coefficient of 7.1 ± 3.6 µm2 s-1 (± S.D, n=10) was measured with no 231 
significant difference (P = 0.488) to the GFP multimer of similar size (GFP2). Overexpression of the 232 
modified protein did not lead to cell elongation, so cells had to be treated with cephalexin for FRAP 233 
measurements. Western blots revealed no attachment to the plasma membrane for AmiA(noSP)-GFP (Fig. 234 
3). 235 
 236 
Diffusion of GFP-tagged Lipoprotein-28. The nlpA gene encodes a 28 kDa lipoprotein associated 237 
with the periplasmic side of the plasma membrane (Lipoprotein 28) (18,31). The estimated size for the 238 
chimeric protein of 55 kDa was verified by Western blotting (Fig 3). Overexpressed (133mM 239 
arabinose) NlpA-GFP showed an even distribution in the cytoplasm, without translocation to the 240 
12 
periplasm (Fig. 3). The measured diffusion coefficients for this construct showed great variance (Table 241 
1). The overall mean diffusion coefficient was 2.1  ± 1.4 µm2 s-1 (± S.D, n=34). Individual cells showed 242 
no obvious differences in expression level, size or GFP distribution in the cytoplasm. The images give 243 
no clear indication of attachment of NlpA-GFP to the membrane. However, Western blots (Fig. 3) 244 
show a significant proportion of NlpA-GFP in the membrane fraction as well as in the cytoplasm.  245 
 246 
NlpA has the typical lipobox (LB) [L-[A/S/T]-[G/A]-C (9) and an aspartate residue in the +2 position 247 
after the fatty acylated cysteine which is required for plasma membrane lipoproteins (22). In an attempt 248 
to modify NlpA-GFP association with the membrane, a modified version (NlpA(noLB)-GFP) was 249 
produced by amplifying nlpA without the lipobox. The +2 aspartate was replaced by a methionine and 250 
the modified protein tagged with GFP. Western blotting for the modified protein showed no attachment 251 
to the membrane (Fig. 3). When induced with 133mM arabinose the diffusion coefficient for the 252 
modified construct showed an even wider range of values in different cells, with a mean of 2.7 ± 3.2 253 
µm2 s-1 (± S.D, n=26). 254 
 255 
Discussion 256 
The results presented are a systematic study of the effects of protein size on diffusion coefficient in the 257 
cytoplasm of E. coli, using engineered multimers of GFP expressed from the arabinose-induced 258 
pBAD24 vector. Western blots (Fig .1) confirm that the proteins have the expected size, with only 259 
limited cleavage in the cytoplasm. For constructs with sizes up to 138 kDa (GFP5) we were able to find 260 
levels of induction which gave bright, evenly distributed GFP fluorescence in the cytoplasm, without 261 
visible aggregates or inclusion bodies; conditions that allowed the use of confocal FRAP as previously 262 
described (18) to measure the diffusion coefficient of the construct. As in some other studies (2, 7, 19) 263 
E. coli cells were elongated by treatment with cephalexin. The elongation was necessary to obtain 264 
accurate diffusion coefficients for constructs diffusing rapidly in the cytoplasm. Cephalexin-treated 265 
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cells have a continuous cytoplasm without diffusion barriers (7) and studies on diffusion of monomeric 266 
GFP give comparable results with and without cephalexin treatment (Table 1). For GFP6 (165 kDa) we 267 
could not obtain good levels of expression without also getting a very inhomogeneous distribution of 268 
GFP fluorescence, with much of the protein concentrated into aggregates or inclusion bodies; therefore 269 
no diffusion coefficient was obtained for this construct. 270 
 271 
Results for diffusion coefficients of the GFP multimers are summarised in Fig. 2, showing a clear 272 
dependence of GFP diffusion coefficient on the size of the construct. The diffusion coefficient 273 
decreases gradually with increasing size. Although the trend is not severe, it is significant: an ANOVA 274 
test gives a probability of only 0.001 that there is no correlation of size and diffusion coefficient. Fig. 2 275 
also indicates the extent to which the size-dependence of the diffusion coefficient conforms to the 276 
Einstein-Stokes equation for diffusion in a classical fluid, showing the expected diffusion coefficients 277 
for larger proteins extrapolated from the measured diffusion coefficient for GFP1. Up to GFP4 (111 278 
kDa) the mean diffusion coefficient falls close to the Einstein-Stokes prediction for a viscous fluid. 279 
This suggests that proteins up to this size do not encounter significant diffusion barriers due to 280 
macromolecular crowding or a meshwork of macromolecular structures in the cytoplasm. Note, 281 
however, that it is likely that proteins in this size range will encounter size-barriers if the cytoplasm is 282 
shrunk and concentrated by osmotic stress (2). The mean diffusion coefficient for the GFP5 construct 283 
falls significantly below the expectation from the Einstein-Stokes equation (Fig. 2), and this may 284 
provide the first indication of a size-limit for protein diffusion in cells that are not subject to osmotic 285 
stress. 286 
 287 
Another recent study in E. coli indicates a very much steeper reduction in cytoplasmic protein mobility 288 
with protein size than we observed (13). The discrepancy could be explained by the nature of the 289 
proteins used, since all the larger protein constructs used by Kumar et al. (13) contain elements of 290 
14 
native cytoplasmic E. coli proteins. We suggest that it is the specific interactions of these proteins, 291 
rather than simply their size, that leads to the drastically slower diffusion of the larger constructs. 292 
 293 
 294 
Our results indicate that in the absence of specific interactions with other cell components, protein 295 
diffusion rates in the E. coli cytoplasm are quite predictable, at least within the range from 27-111 kDa. 296 
They also suggest that any protein within this size-range that diffuses significantly slower than the 297 
expectation shown in Fig. 2 must be slowed by specific interactions with other cell components. The 298 
deviation from the expectation in Fig. 2 could be used to estimate the drag due to these interactions. An 299 
example from the literature is the CheY chemotaxis signal transduction protein, which, when 300 
conjugated with YFP, has a size of about 41 kDa (4 ,23). On the basis of Fig. 5 we would predict a 301 
diffusion coefficient of about 8 µm2 s-1, thus the measured diffusion coefficient of 4.6 ± 0.8 µm2s-1 (4) 302 
suggests drag due to binding to interaction partners in the cytoplasm. To further illustrate this point, the 303 
diffusion coefficients for two indigenous E. coli proteins tagged with GFP, AmiA and Lipoprotein-28 304 
were determined. Both have mean diffusion coefficients well below the expectation for GFP multimers, 305 
and NlpA-GFP additionally shows a much greater variation in diffusion coefficient from cell to cell, 306 
indicative of complex and variable interactions in the cell. (Fig. 2). Cell fractionation and Western 307 
blotting indicates some interaction with the cell membrane in both cases (Fig. 3). In the case of AmiA 308 
we were able to prevent membrane interaction by truncating the protein to remove the TAT signal 309 
peptide, and the truncated protein (AmiA(noSP)-GFP) showed a diffusion coefficient close to the 310 
expectation from GFP multimers (Fig. 2).  With Lipoprotein-28, removal of the lipobox led to loss of 311 
membrane interaction as judged from cell fractionation and Western blotting (Fig. 3).  However, the 312 
diffusion coefficient remained low on average and very variable from cell to cell (Fig. 2).  AmiA is 313 
indigenous to the periplasm and therefore may lack interaction partners in the cytoplasm, leading to 314 
rapid diffusion in the cytoplasm once the membrane association is lost. The slow and variable diffusion 315 
15 
of Lipoprotein-28 suggests strong interactions in the cytoplasm even though it is indigenous to the 316 
periplasmic side of the membrane: interaction with cytoplasmic chaperones is one possibility. 317 
 318 
A useful conclusion from this study is that, for target proteins from 27 - 84 kDa GFP tagging has rather 319 
little effect on protein mobility, provided that specific interactions of the protein are not perturbed. The 320 
approximation from the Einstein-Stokes equation would suggest that adding a GFP tag should decrease 321 
the diffusion coefficient by a maximum of about 13%, in the case of a freely-diffusing target protein of 322 
27 kDa. In all other cases (a larger target protein or one with diffusion impeded by specific 323 
interactions) the effect of adding the GFP tag will be even smaller. Experimentally, such small changes 324 
are usually well within the standard deviation of the measurement. For example, in the measurements 325 
reported here, the addition of a single extra GFP molecule never resulted in a statistically-significant 326 
decrease in diffusion coefficient over the range from GFP1-GFP4. Thus, observation of GFP-tagged 327 
proteins in this size-range can give an accurate picture of the behaviour of the native protein in the E. 328 
coli cytoplasm. However, the results do give an indication of a size-limit between 111 and 138 kDa 329 
(Fig. 2). Beyond this size-limit, diffusion of proteins may be more strongly impeded by crowding or 330 
meshwork in the cytoplasm, and GFP tags that take a target protein over the size limit are likely to 331 
significantly perturb the behaviour of the protein. 332 
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Table 1 423 
Diffusion coefficients determined for GFP constructs in the cytoplasm of E. coli cells (unless indicated 424 
otherwise). Techniques used were FRAP and photoactivation of a red-emitting fluorescence state of 425 
GFP (7), Fluorescence Correlation Spectroscopy (4), confocal FRAP (13,19), pulsed-FRAP (2) and 426 
continuous photobleaching with evanescent illumination (26). 427 
Protein       Mw (kDa)  D (µm2 s-1) treatment     Ref. 428 
GFP in water     27  87              27 429 
GFP    27  7.7 ± 2.5  induced with 100 µM IPTG     7 430 
GFP     27  3.6 ± 0.7 induced with 1 mM IPTG     7 431 
eYFP     26.5  7.08 ± 0.3          13 432 
GFP-his6    27+  4.0 ± 2.0         7 433 
cMBP-GFP    72  2.5 ± 0.6          7 434 
CheY-GFP    41  4.6 ± 0.8         4 435 
CFP-CheW-YFP 71  1.5 ± 0.05       13 436 
CFP-CheR-YFP 86.2  1.7 ± 0.05       13 437 
torA-GFP    30  9.0 ± 2.1 cephalexin      19 438 
GFP    27  9.8 ± 3.6  cephalexin        2 439 
GFP     27  0.4 ± 0.3  after osmotic upshock with NaCl     2 440 
GFP     27  6.3 ± 1.1       26 441 
GFP     27  3.1 ± 1.0  after osmotic shock     26 442 
torA-GFP2 in DADE  57  7.5 ± 3.9  cephalexin, 2 % arabinose  This study 443 
GFP2   27  9.1 ± 5.1 cephalexin    This study 444 
torA-GFP2   57  8.3 ± 4.2  cephalexin, 500 µM arabinose This study 445 
torA-GFP3    84  6.3 ± 2.6  cephalexin, 200 µM arabinose This study 446 
torA-GFP4  111  5.5 ± 1.9 cephalexin, 1 mM arabinose  This study 447 
torA-GFP5  138  2.8 ± 1.5 cephalexin, 800 µM arabinose This study 448 
AmiA-GFP    58  1.8 ± 0.8  2 % arabinose    This study 449 
AmiA-GFP    58  1.8 ± 1.2  cephalexin, 2 % arabinose   This study 450 
AmiA(noSP)-GFP  58  7.1 ± 3.6 cephalexin, 2 % arabinose  This study 451 
NlpA-GFP     55  2.1 ± 1.4
 
cephalexin, 2 % arabinose  This study 452 
NlpA(noLB)-GFP   55  2.7 ± 3.2 cephalexin, 2 % arabinose  This study453 
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LEGENDS TO FIGURES 454 
 455 
Figure 1 456 
Size of GFP-tagged constructs expressed in E . coli DH5α.  Proteins of the cytoplasmic fraction were 457 
separated on a 10% denaturing SDS-PAGE and immunoblotted using antibodies to GFP. Lanes are 458 
denoted (A) torA-GFP, (B) torA-GFP2, (C) GFP2, (D) torA-GFP3, (E) torA-GFP4, (F) torA-GFP5, 459 
(G) torA-GFP6, and (H) empty vector.   460 
 461 
Figure 2 462 
Diffusion coefficients for GFP-tagged proteins in the E. coli DH5α cytoplasm. Mean diffusion 463 
coefficient ± S.D. is shown. "GFPn" are multimers of torA-GFP from GFP1 - GFP5 (GFP1 on the left, 464 
through to GFP5 on the right), as described in the text. The line shows predicted D (± S.D. shown by 465 
the grey shaded area) estimated by using the Einstein-Stokes equation to extrapolate from data for 466 
GFP1 (19) to larger proteins.  Note that GFP multimers up to GFP4 show diffusion coefficients in line 467 
with this prediction. 468 
 469 
Figure 3 470 
Cellular location of AmiA-GFP, NlpA-GFP and modified forms of these proteins lacking the TatA 471 
signal peptide (AmiA(noSP)-GFP) and the lipobox (NlpA(noLB)-GFP).  E. coli DH5α cells expressing the 472 
constructs were fractionated into periplasmic (P), membrane (M) and cytoplasmic (C) fractions and 473 
Western blots performed with anti-GFP antibody. 474 
 475 
 476 
 
 
 
Figure 1 
Size of GFP-tagged constructs expressed in E . coli DH5α.  Proteins of the cytoplasmic fraction were 
separated on a 10% denaturing SDS-PAGE and immunoblotted using antibodies to GFP. Lanes are 
denoted (A) torA-GFP, (B) torA-GFP2, (C) GFP2, (D) torA-GFP3, (E) torA-GFP4, (F) torA-GFP5, 
(G) torA-GFP6, and (H) empty vector. 
 
Figure 2 
Diffusion coefficients for GFP-tagged proteins in the E. coli DH5α cytoplasm. Mean diffusion 
coefficient ± S.D. is shown. "GFPn" are multimers of torA-GFP from GFP1 - GFP5 (GFP1 on the left, 
through to GFP5 on the right), as described in the text. The line shows predicted D (± S.D. shown by 
the grey shaded area) estimated by using the Einstein-Stokes equation to extrapolate from data for 
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Figure 3 
Cellular location of AmiA-GFP, NlpA-GFP and modified forms of these proteins lacking the TatA 
signal peptide (AmiA(noSP)-GFP) and the lipobox (NlpA(noLB)-GFP).  E. coli DH5α cells expressing the 
constructs were fractionated into periplasmic (P), membrane (M) and cytoplasmic (C) fractions and 
Western blots performed with anti-GFP antibody. 
